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Abstract

We performed statistical analysis on high-resolution records of the diversity of calcareous plankton (planktonic foraminifera
and calcareous nannoplankton), and on records of global sea level, marine isotopes (6'%0, §'3C, ¥'Sr/*Sr), large igneous
province (LIP) eruptions, and dated impact craters over the last 230 Myr. Results of Continuous Wavelet Analysis (CWT), Fast
Fourier Transform (FFT) spectral analysis and cross-spectral analysis indicate that the records of diversity of calcareous
nannoplankton (CN) and planktonic foraminifera (PF) and all of the geologic time series tested show similar dominant 25—-33
Myr cycles. Based on the statistical results, best-fit stationary-periodic models for PF and CN evolutionary records can be
constructed (with #=time in Myr): CN diversity =9.5 sin(2n(f — 7.5 Myr)/29 Myr) +4.8 sin(2n(t — 4 Myr)/15.3 Myr), and PF
diversity =7.6 sin(2n(z — 12 Myr)/26 Myr) +3 sin(2n#/9.2 Myr).

These periodic models describe major patterns in the diversity history, such as: (1) a sawtooth-shaped 29-Myr cycle for
calcareous nannoplankton diversity, with gradual increases and abrupt decreases in diversity; (2) plateau-shaped ~ 26-Myr
cycles in the planktonic foraminiferal record, with abrupt diversity increases and decreases; and (3) the presence of ~ 15.3- and
9.2-Myr periodic components that modify the shapes of the 26- to 29-Myr cycles.

Except for the synchronous decreases in diversity of PF and CN at 65 and ~ 34 Ma, the diversity extrema for the two
planktonic groups have been on average ~ 2 to 3 Myr out of phase. In the ~ 30-Myr-cycle band, CN diversity increased with
sea-level rise and increased paleotemperatures, whereas PF diversity was, in general, greater during times of lower sea levels.
Diversity of PF and CN was reduced at times of major LIP eruptions and large impacts that follow ~ 15 or 30 Myr
periodicities. These results suggest that the diversity of calcareous plankton since their appearance in the early Mesozoic has
been modulated by long-term cyclical changes in global environmental conditions and by periodic large volcanic and impact
events. The pacemaker, or pacemakers, for these cycles may be astrophysical, geophysical or some combination of the two.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The first step in the development of a theory of
causation is the recognition of patterns. Statistical
analysis has proven to be a useful tool in detecting
patterns in the time history of geologic and biotic
events, thus providing clues to the possible causes of
the variations in biological diversity that mark Earth
history (e.g., Raup and Sepkoski, 1986; Rampino
and Caldeira, 1993; Liritzis, 1993; Prokoph et al.,
2000). Such statistical studies are dependent on: (1)
The accuracy, precision, resolution and comparability
of the time scales used for the correlation of bio-
stratigraphic data with other kinds of geologic
records, (2) the completeness of the records, and
(3) the accuracy and precision of measures of the
amplitudes of the various records. For example,
Rampino and Caldeira (1993) searched the geologi-
cal literature, compiled records of geologic and biotic
events and applied statistical analysis in order to
search for possible periodicities and correlations
among these time series. Over the last decade, there
have been significant improvements in the geological
time scale (Gradstein and Ogg, 1996; Okulitch,
2002); the record of biotic diversity for a number
of groups (e.g., Prokoph et al., 2000); the precision,
accuracy, and completeness of records of large-scale
igneous activity (e.g., Ernst and Buchan, 2001;
Courtillot and Renne, 2003), impact cratering (e.g.,
Grieve, 1997 and recent updates); sea-level history
(e.g., Hardenbol et al., 1998); and long-term isotopic
records of the marine environment and climate (e.g.,
Veizer et al., 1999; Zachos et al., 2001).

In this paper, we quantitatively examine high-
resolution records of diversity of two widespread,
important marine groups—planktonic foraminifera
(PF) and calcareous nannoplankton (CN). These
planktonic groups with calcareous skeletons have
inhabited the ocean since the Jurassic and Late
Triassic, respectively, and are good indicators of
physical—chemical conditions (e.g., temperature, sa-
linity, oxygenation), nutrient availability, and the
stratification and stability of marine surface waters.
In order to search for possible common periodicities
and correlations among the records of plankton
diversity, major geologic events and long-term en-
vironmental trends, we applied several types of
time-series analysis and cross-correlation analysis

to these compilations of evolutionary and geologic
data.

2. Data and methods
2.1. Time scales and age-uncertainties

Geological time scales are subject to age uncer-
tainties due to inaccuracies and limited precision in:
(1) decay constants of radiogenic elements, (2) the
radiogenic age of a mineral compared to its time of
crystallization (e.g., ‘reservoir effects’), and (3) the
definition and absolute dating of biostratigraphic
units and their boundaries (Remane, 2003). At pres-
ent, the precision of dates for geological events and
stratigraphic boundaries is commonly high, but U/Pb
ages are consistently 2=~ 2% different (mostly
older) than comparable Ar/Ar ages, and the U/Pb
ages are considered more reliable (Mundil et al.,
2001). Because the recently published time scale of
Okulitch (2002) incorporates many single-grain U/Pb
zircon dates for the Jurassic and Triassic Periods
(Palfy et al., 2000a,b), we used this time scale in our
analysis. To provide a statistically robust database,
the biostratigraphically controlled geological and
fossil records have been transferred to the Okulitch
(2002) time scale by linear interpolation between
stage and/or zone boundaries. Because of uncertain-
ties in the time scale, biostratigraphy, and geochro-
nology of geological events, we performed statistical
analysis for the various records at 1-Myr intervals.

2.2. Evolutionary records of calcareous plankton

Planktonic foraminifera (PF) and calcareous nan-
noplankton (CN) are useful for long-term studies of
biotic diversity because they are globally distributed
in Mesozoic and Cenozoic marine deposits (Hart,
1990; Prokoph et al., 2000; Bown et al., 1992), and
extensive, well-established high-resolution databases
now exist (Bown et al., 1992 and update; Prokoph
et al.,, 2000; Patterson et al., in press). CN com-
bines all calcareous phytoplanktonic organisms
(mostly coccoliths, a family of calcareous algae,
and nannoconids).

The record of planktonic foraminiferal diversity
utilized for time-series analysis (Patterson et al., in
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press) is composed of the stratigraphic ranges of
518 species at 206 stratigraphic stages from the
present back to the Early Jurassic (Fig. 1). Here,
we applied time-series analysis on PF diversity data
for 193 stratigraphic stages for the last 121.5 Ma
(back to the Barremian/Aptian Boundary). Prelimi-
nary analyses indicated that the earlier Cretaceous
and Jurassic record is not robust enough for statis-
tical analysis, especially as there is ongoing debate
as to which of the older foraminifera were plank-
tonic versus benthic (R.T. Patterson, R.M. Leckie,
personal communication).

The fossil record of calcareous nannoplankton
(Bown et al., 1992) contains numbers of species

from 105 stages in the last 227 Myr. Here, we used
an updated record (Bown, personal communication)
of CN (and separate coccolith diversity) for 75
stages. As there is still controversy as to whether
many PF and CN morphotypes are different species
(genotypes) or rather phenotypes of the same spe-
cies, we analyzed only the diversity records of PF
and CN and not the speciation/extinction and turn-
over records.

For the purpose of evaluation of the long-term
evolutionary behavior of calcareous nannoplankton
and planktonic foraminifera, we constructed time
series for the relative changes in diversity of PF and
CN per Myr (Fig. 1). We also constructed binary time
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Fig. 1. Comparison of diversity of calcareous nannoplankton, coccoliths (Bown et al., 1992; Bown, personal communication), and planktonic
foraminifera (Patterson et al., in press). (a) Relative planktonic foraminiferal (PF) diversity changes per 1 Myr (in %). Horizontal dotted line
marks no changes (0 in binary record, right side of graphic), above 0 indicates increasing diversity (1 in binary record), below 0 marks
decreasing diversity (— 1 in binary record). (b) Planktonic foraminiferal (PF) diversity record (Patterson et al., in press) for 198 zones over the
last 142 Ma. (c) Relative calcareous nannofossil (CN) diversity changes per 1 Myr (in %). Horizontal dotted line marks no changes (0 in binary
records, right side of graphic), above 0 indicates increasing diversity (1 in binary record), below 0 marks decreasing diversity (— 1 in binary
record). (d) CN (solid line) and coccolith (dashed line) diversity records (Bown et al., 1992; Bown, personal communication) for 75 zones over
the last 222 Ma. (Time scale after Okulitch, 2002; Q indicates Quaternary.)
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series of the relative changes in PF and CN diversity
per Myr, with 1=representing increased diversity,
0=no change in diversity and — 1 =decreasing diver-
sity (Fig. 1). In this way, possible artificial cycles that
may result from a few very high signals (e.g., the
extinctions at the Cretaceous/Tertiary (K/T) boundary)
can be suppressed.

2.3. Records of geological events

Geological events such as large impacts or epi-
sodes of volcanism are discretely distributed in time,
which restricts the use of some statistical analysis
methods for comparison with more continuous geo-
logical records (e.g., paleotemperatures, biological
diversity). For this reason, the event records that
we compiled were transformed into continuous time
series at Myr time intervals through the use of
Gaussian filtering, with each event assigned a value
of 1 and a standard deviation according to its age
uncertainty (e.g., Rampino and Caldeira, 1993).

The impact crater database was compiled from the
most recent update of the terrestrial impact cratering
list (Grieve, 1997, with updates). We included in our
analysis 45 impact craters >5 km in diameter with
defined age-uncertainties (Fig. 2e). Furthermore, a
subset of 27 large impact craters =20 km diameter
with 20 age uncertainties of <32 Myr (92% with
errors< 10 Myr) was also examined. Based on the
estimates of Chapman and Morrison (1989), the im-
pact energy (J) in Mt TNT was calculated for the
database by J=4.2d*"", with d=crater diameter in
km (Fig. 2e).

We also compiled ages and volumes of 31 Large
Igneous Province (LIP) events with 20 age uncertain-
ties of <15 Myr (95% <10 Myr, 40% <2 Myr) from
Ernst and Buchan (2001) and Courtillot and Renne
(2003). The data were transformed into a continuous
time series at a 1-Myr interval using Gaussian filter-
ing. We separated a subset of 19 oceanic LIP events
for tests of the possible influence of oceanic LIPs
versus LIP events in general. We used the initiation
age for each major LIP episode, as most of the
volume of LIP events were erupted in the first million
years (e.g., Rampino and Stothers, 1988; Emnst and
Buchan, 2001; Courtillot and Renne, 2003). Further-
more, a separate time series of the volumes of LIP
events was constructed (Fig. 2c¢) by multiplying the

Gaussian age probability by the volume for each
event. We consider the LIP record complete, because
LIP volcanics are mostly easy detectable, thick and
widespread. The time interval studied also postdates
the opening of the Atlantic. The LIP volumes are
uncertain because of extensive erosion and burial by
younger deposits.

We also included in our compilation the occurrence
times of 10 major oceanic anoxic events (Rampino and
Caldeira, 1993; Leckie et al., 2002), and the times of 10
mass extinction events (Raup and Sepkoski, 1986) in
the last 230 Myr (Fig. 2d). We use these data for
graphic correlation only, however, as their relatively
low number does not support robust statistical analysis.

2.4. Sea-level fluctuations and marine isotope records

Changes in global sea level reconstructed from
seismic data (Fig. 2b) (Hardenbol et al., 1998), and
the record of variations in the isotopic (*’St/*°Sr, 6'°C
and 6'0) composition of seawater are proxies for
continuous environmental changes over geologic time.
For our isotope data base, we used 2399 *’St/*Sr data
points (Veizer et al., 1999; Bralower et al., 1997), 1948
8'3C data points, and 2013 6'%0 data points (Veizer et
al., 1999; Voigt, 2000; Leckie et al., 2002) that were
extracted from low-Mg calcite shells and tests of
brachiopods, belemnites, oysters, planktonic and ben-
thic foraminifera of low and mid latitude sites. The
isotope data are stratigraphically unevenly distributed.
All isotope records have gaps in the Norian (Late
Triassic). Several long gaps in the 0'°C and 6'%0
record exist also in Callovian/Bathonian ( ~ 3 Myr
gap), Late Aptian ( ~ 5 Myr gap), Cenomanian ( ~ 7
Myr gap), Coniacian—Early Campanian ( ~ 11 Myr
gap) and Late Campanian (4 Myr gap). Jurassic to
recent data are predominantly from the subtropics and
mid-latitudes. The Triassic data are from the tropical
realm (Veizer et al., 1999). The isotope data have been
transformed into continuous time series using age
uncertainties of 26 = £ 1% (Fig. 2a,b) that reflect the
inaccuracy of the timescale (Agterberg, 1994) and
biostratigraphic uncertainties.

2.5. Statistical methods

In our time-series analyses, we utilized several
methods including the Continuous Wavelet Trans-
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Fig. 2. Comparison of (a) 6'*C (solid line), 5'*0 (bold solid line) of marine carbonates, in %o versus PDB (Veizer et al., 1999; with additional
data from Leckie et al., 2002; Voigt, 2000), and ocean temperature (dashed line) calculated from §'%0 carbonate record according to Sellwood et
al. (1994). (b) Relative sea-level changes in meters (Hardenbol et al., 1998); strontium isotopes of marine carbonates (Veizer et al., 1999; with
additional data from Bralower et al., 1997). (c) Records of all (solid lines) and oceanic (bold solid lines) Large Igneous Province (LIP) eruptions
(Ernst and Buchan, 2001; Courtillot and Renne, 2003). Upper: LIP volumes weighted by age uncertainties; lower: sum probability of
occurrences in 1-Myr intervals. (d) Anoxic events (Rampino and Caldeira, 1993; Kerr, 1998; Leckie et al., 2002) at 84.5, 93.5, 99, 102, 109—
112, 120.5, 155, 157, 184 and 200 Myr ago. (e) Impact crater record (Grieve, 1997, and updates; Rampino, 2002). Top: impact energy estimated
from crater diameter (for equation, see text); middle: impact crater diameter weighted (Gaussian filtering) by age uncertainties; lower: impact
crater diameters at mean age estimates. Time scale after Okulitch (2002); vertical dashed lines for correlation between large LIP eruptions and

other geological records.

form (CWT) method (Rioul and Vetterli, 1991),
spectral analysis (Fast Fourier Transform), and
cross-spectral analysis (e.g., Davis, 1986). Each of
these methods has advantages and limits in the way
they present signals in frequency (e.g., cycle length)
domain, including bandwidth uncertainties, edge

effects, and harmonics (frequency doubling effects).
Continuous Wavelet Transform analysis has advan-
tages over Fourier analysis in that each wavelet
coefficient of a period or amplitude of a cycle can
be related to a specific time interval (or location). The
minimum wavelength is determined by the Nyquist
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frequency, which is twice the average sampling
interval.

We restricted our analysis to cycles and trends >6
Myr for the CN data, and to >5 Myr for all other
records because of uncertainties in the time scale and
in comparing geologic events dated by various meth-
ods. Higher-resolution analysis may be feasible for
records restricted to the Cenozoic Era.

CWT produces a space of wavelet coefficients
Wy(a, b), of scale (e.g., wavelength) a and time b:

mitab) = (5) [row(20)a (1)

We used the Morlet wavelet (Grossman and Mor-
let, 1984):

. i—b)?
Uiplt) = 7 Ha) e P )

with / representative of the scaling ratio of the
analysis window, which is set to /=10 providing
particularly good resolution for paleoclimate and
fossil records (e.g., Bolton et al., 1995; Appenzeller
et al.,, 1998; Prokoph et al., 2000; Rampino et al.,
2000). Data were standardized to a mean=0, and a
fitted trend line was removed. The graphic represen-
tation in the time—frequency space is a scalo-
gram”. The bandwidth uncertainty df/f of the
wavelet analysis is 0.0707 ( ~ 7%) for all wave-
lengths for the Morlet wavelet and /=10 as used
here.

The wavelet coefficients at the beginning and
end of a data set have an ‘edge effect’, because
only one half of the Morlet wavelet lies inside the
line-scan data set, and the missing data in the
analysis windows are replaced (‘padded’) by zeros.
The missing data can equal up to 50% of the
analysis window, leading to a 50% decreased sig-
nificance for the wavelet coefficient at bottom and
top of a time series. This effect can result in
artificially decreased or less commonly increased
wavelet coefficients for a completely stationary
periodic signal with constant amplitude. The edge
effect decreases to zero towards the middle of the
time series and for shorter wavelengths, and the
boundary of edge effects on the wavelet coefficients

forms a wavelength-dependent curve, called the
‘cone of influence’ (Torrence and Compo, 1998).
The cones of influences for 95% significance, based
the wavelet-analysis parameters used, are illustrated
in the scalograms.

The series of wavelengths aymax, ,(b) with the
three strongest local wavelet coefficient Wjq ), has
been extracted from the wavelet-coefficient matrix,
because these series determine the locally strongest
(i.e., most significant) cycle lengths, independent of
their absolute amplitude compared to the rest of the
time series analyzed.

We also applied spectral analysis using Fast Four-
ier Transform (FFT) on equidistant data sets. Because
FFT requires equidistant data x(7), it was necessary to
interpolate all records to equal 1-Myr intervals. Four-
ier transform is defined by:

P = /x(t)eiz"f’dt t=1...N (3)

with x(7) as the discrete time series, f the frequency
(that is 1/a), and P as spectral power (Davis, 1986).
For modeling purposes, we extracted the amplitudes
Ay of the Fourier frequencies, with n=N/2 from the
spectral power by:

Ar = \/2P%/n (4)

The interpolations have the effect of enhancing
the correlation of successive time-series data, pro-
ducing artificial autocorrelation in the lag-one (‘red
noise’) variability and suppressing the random back-
ground (‘white noise’) variability (e.g., Kirchner
and Weil, 1998). Thus, we calculated the white-
noise level (Davis, 1986) and the red-noise level
from the lag-one autocorrelation coefficient accord-
ing to an auto-regressive model, using the null
hypothesis for significance (Mann and Lees,
1996). We calculated the 95% confidence levels
based on lag-one auto-regressive models (Prokoph
et al., 2000).

The differences in the nature of the time-to-wave-
length transform between wavelet and spectral anal-
ysis are shown for a synthetic time series in Fig. 3.
The synthetic time series includes three abrupt dis-
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analysis (fast Fourier transform) with periodogram of the model time series.

continuities at 300 Myr ago (jump in period length),
500 Myr ago (signal spike), and 700 Myr ago (jump
in mean signal value), which are superimposed on
periodic cycles of 80- and 40-Myr length in a 1-
billion-year-long record.

Wavelet analysis is able to detect the jump in the
period length and the signal spike precisely in its
location, and to trace the wavelengths of the syn-

thetic cycles through time (Fig. 3a,b). The wavelet
analysis also detects the input amplitude of the cycle
(top of Fig. 3a), except for small intervals at the
beginning and end (‘edge effects’). By contrast,
Fourier analysis is not able to detect temporal dis-
continuities, to distinguish between continuous low-
amplitude and non-stationary high-amplitude signals,
or to yield information on the temporal persistence
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of periodicities. Furthermore, the signal spike results
in an artificial elevated power for the longest (1-
billion-year) period (Fig. 3d).

Since datasets may be correlated on long time
scales, but not on short time scales, and vice versa,
we utilized cross-spectral analysis to identify the
bandwidth-dependent correlation between the vari-

ous time series (Davis, 1986). To test the confi-
dence of the cross-spectral analysis, we carried out
a squared-coherency calculation using a Hamming-
window filter. Only periodicities with squared co-
herencies>95% confidence (one sided) at 6 degrees
of freedom (DOFs) per band (Torrence and Compo,
1998) are marked in the cross-spectra.
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3. Results

3.1. Trends and cyclicity in the evolution of
calcareous plankton

3.1.1. Calcareous nannoplankton

The records of diversity of calcareous nannoplank-
ton (and separately coccoliths) are characterized by
long-term trends of ~ 170 and ~ 92 Myr (Fig. 4a,b),
but tests show that these are not statistically signifi-
cant. The most persistent (>95% significant) CN
diversity cycle has a wavelength of ~ 28 to
33 £2.3 Myr (mean=29 Myr) with an average am-
plitude of 9.5 species (ranging from 4 species in the
Early Jurassic to 14 species in the mid-Cretaceous to
early Cenozoic) (Figs. 4a,b and 5c). In the record of
CN diversity, this ~ 29-Myr cycle is particularly
significant during the Cretaceous, but is variable, with

a -
30 A CN diversity
1 binary
5 207 12.4 Myr
§ 27 My 7.7 Myr

a waveband that stretches from 29 to 34 £2 Myr
(Figs. 4d and 5b). In the binary species record of CN
(which eliminates possible influences of extreme
diversity changes) this cycle remains significant in
the range of 25 to 33 £ 2 Myr (Figs. 4c and 5a).

Another cycle length with >95% significance for
CN diversity centers at 15.3 + 0.51 Myr (Figs. 4a—c
and 5a—c). This cycle is particularly strong in the Late
Triassic/Early Jurassic and during the Cenozoic, with
amplitudes of 3—14 species, but with smaller ampli-
tudes (<3 species) throughout the Cretaceous. A
similar cycle length of 11-17 Myr is very persistent
in the binary CN diversity data throughout the entire
222-Myr record (Fig. 4c). Cycles of 7—11 Myr also
provide a significant part of the variability in CN
diversity (Fig. Sa,b), in particular during adaptive
radiations and recoveries in the Early Jurassic and
Early Paleogene (Fig. 4d).
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Fig. 5. Spectral analysis (Fourier analysis) of evolutionary records of calcareous nannoplankton (a—c) and planktonic foraminifera (d—f) (for
data, see Fig. 1). (a—f) Power spectra (periodograms); horizontal bold lines = White noise background; continuous solid lines =red noise level
from lag-one autoregressive model; dashed lines=95% significance level from lag-one autoregressive model; vertical dotted lines = periods
(wavelength) that are correlative (for details, see text).
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3.1.2. Planktonic foraminifera ). The long 60-Myr cycle is not statistically signifi-
Cycles in the planktonic foraminifera (PF) diversi- cant (Figs. 4e and 5e). A 26 &+ 2 Myr cyclicity occurs
ty data range from 5.7 to 60 Myr (Figs. 4e—g and 5d— persistently, however, and is significant throughout
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Fig. 6. Wavelet scalograms of geological records (for data, see Fig. 2), time scale after Okulitch (2002). For all records (a—g), right sides: Grey-
scale for Wavelet coefficients on top of scalogram coded in units of Fourier amplitudes. Tops: wavelet scalogram (for explanation, see Fig. 3a);
bottoms: three most significant cycles ( + 7% bandwidth uncertainty) at specific time intervals; bold =primary cycle; solid =secondary cycle;
dotted = tertiary cycle. Dotted vertical lines mark K—T boundary. For ‘cone of influence’, see Fig. 4a. Note that black and dark grey bands in the
scalograms trace the wavelengths (periodicities) with the highest amplitudes.
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the PF diversity record, with amplitudes ranging from
~ 3 to 8.7 species (average=7.6 species) (Figs. 4e
and 5d,f).

The relative changes of PF diversity (A species/
Myr) are characterized by cycles 0f9.2 £ 0.4 and 11—
15 Myr (Figs. 4f,g and 5d,e). These cycles in plank-
tonic foraminiferal diversity are not persistent, with
the ~ 15-Myr cycle dominating prior to the Eocene/
Oligocene boundary (34 Myr ago), and the 9-Myr
cycle dominating between 34 Myr ago and the present
(Fig. 4f,g). Cycles of 5.7 and ~ 11 Myr that are
confined to the K/T boundary interval (Fig. 4e,g), are
probably artifacts of the mathematical transform of the
abrupt signal change (Figs. 4f and 5e).

3.2. Cyclicity in the geological record over the past
230 Myr

The records of geological changes exhibit several
trends and cycles ranging from 6.5 to 172 Myr over
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the last 230 Myr (Figs. 6 and 7). The significance
levels of periodic cycles longer than 90 Myr, however,
are limited by edge effects in the wavelet transform
(Fig. 4) and high red-noise levels (Fig. 7). The
continuous relative sea level and marine-isotope
records exhibit persistent cyclicity in the range of
22 £ 1.4 Myr (for sea-level change) to 36 £ 2.5 Myr
(for strontium isotopes) (Fig. 6e.j), which is most
often centered at ~ 26 to 33 Myr (Fig. 7a—f). The
22- to 36-Myr cyclicity in the continuous environ-
mental records is strongest through the Jurassic and
Cretaceous Periods, with amplitudes of up to ~ 26 m
sea-level change (average=12.4 m), ~ 0.5%0 §'*0
(AT ~ 2.5 °C according to Sellwood et al., 1994), and
0.5%0 0"3C (average=0.31%o), as illustrated in Fig.
6. Shorter cycles of 7—16 Myr occur non-persistently
(Fig. 6), and with less significance over the entire
record (Fig. 7).

The Large Igneous Province eruptions show a
relatively persistent 27—33 Myr cyclicity in age-
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Fig. 7. Spectral analysis (Fourier analysis) of geological records (for data, see Figs. 1 and 2). (a—1) Power spectra (periodograms); horizontal
bold lines = white noise background (WN); continuous solid lines =red noise level (RN) from lag-one autoregressive model; dashed lines =95%
significance level from lag-one autoregressive model; vertical dotted lines =periods (wavelength) that are correlative (for details, see text).
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probability records (Fig. 6¢,f), which is > 95% sig-
nificant for the oceanic LIP event subset (Fig. 7h).
The ages of the LIPs also show non-persistent 10—16
Myr cycle bands (Fig. 6¢). When the record is trans-
formed into more geologically relevant LIP volumes
(see Fig. 2), the cyclic pattern is dominated by the
very large oceanic LIP eruptions at ~ 122 Myr ago
(e.g., Ontong—Java Plateau) (Fig. 6e). The amplitude
of this singular event diminishes the statistical signif-
icance of any long-period cyclicity. The volume
record for all LIP events is dominated by a series of
large continental flood basalt eruptions, that exhibit a
semi-persistent 29—32 Myr cyclicity from the Jurassic
to the Paleogene, with an amplitude of 0.6 to
1.2 x 10° km? lava volume (Fig. 6d).

The results for the impact-crater data sets are quite
similar to those derived from LIPs. The age-probabil-
ity record of impact craters shows a similar 25—-33
Myr cyclicity (Fig. 6f). For impact energies, the cyclic
pattern is dominated by the very large Chicxulub
impact at 65 Myr ago (Fig. 6g). The ages of impact
craters >20 km in diameter shows a 23- to 33-Myr
period, and also non-persistent 10- to 16-Myr cycle
bands (Fig. 6f).

3.3. Relationships between plankton evolutionary
cyclicity and geological trends and events

We used linear correlation analysis (Table 1) to
determine the 95% significance of linear relationships
between the planktonic diversity records (Fig. 1) and
the geological time series (Fig. 2). Furthermore, we
included in our analyses second-order de-trended
records of diversity of coccoliths (CLg4e(), PF (PFger)
and CN (CNye,) along with the de-trended record of
sea-level changes (SLge), because the strong cyclic
trend in the original records (see Figs. 1 and 2) tends
to mask any underlying randomness or correlation.
The equations for the second-order trends, with 7= age
in Myr are:

CLger=CL — (—0.00597 +1.1¢+26.7), with a
maximum in the trend line at 93.2 Myr ago,
CNger=CN — (—0.007/+1.23¢+43.7), with a
maximum in the trend line at 87.9 Myr ago,
PFyee =PF — (— 0.0005+0.517+62.7), with no
maximum in the last 122 Myr,

SLger=SL — (—0.01217+2.34t+52.4), with a
maximum in the trend line at 96.7 Myr ago.

Table 1
Linear correlation between plankton fossil records and geological records
PF PFgetr. APF CL CLgerr. CN CNgerr, ACN
PFgetr. 0.52 X
APF —0.28 —0.34 X
CL —0.39 X
CLgetr, 0.28 0.48 X
CN —0.42 0.97 0.39 X
CNetr. 0.42 0.92 0.41 X
ACN —-0.23 —0.24 X
Sea level —0.58 0.79 0.82
SLgetr. —-0.28 0.24 0.39 0.28 0.49
Impact (km) —0.39 —0.32
Impact (Mt) —0.48 —0.42
87S1/%0S ety 0.74
3" Ocarp 0.61 —0.36 —04
T(°C) —0.56 0.43 0.46
3" Cean —0.62 0.22
LIPoc (volume) —0.35
LIPall (volume) —0.28 —-0.23
LIPall (probability) —-0.29 0.3 0.29
LIPoc (probability) —0.38 0.44 0.43
Impact>5 km —0.23 —0.28
Impact>20 km —0.24 —0.28

Bold=95% confident, two-sided; fine =95% confident, one-sided.
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The linear-correlation analysis suggests that the
diversity of planktonic foraminifera is negatively cor-
related with the diversity of calcareous nannoplankton.
PF diversity is also negatively correlated with high sea
level, global ocean temperatures, and large volumes
and age probabilities of LIP events (Table 1). The de-
trended planktonic foraminiferal record does not show
these latter correlations, suggesting that the general
increasing trend in foraminiferal diversity is indepen-
dent of long-term sea level and the LIP eruption history.
The relative changes of planktonic foraminiferal diver-
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sity (APF/Myr) are significantly negatively correlated
with impact events (diameter, energy and age proba-
bility) and to the volume of magma in LIP events (Table
1), suggesting that these energetic geologic events lead
to extinctions of planktonic foraminifera.

The linear correlations of the diversity of calcar-
eous nannoplankton (CN) and coccoliths (CL) with
the geological record differ from those of planktonic
foraminifera. In particular, CN and CL diversity (and
their de-trended records) correlate significantly posi-
tively with sea level (both non-de-trended and de-
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Fig. 8. Cross-spectral analysis of evolutionary records of calcareous nannoplankton (CN) with geological records, (a—d) CN diversity with over
the last 230 Ma: (e—f) change of CN diversity (in %) with geological records over the last 216 Ma. Squared coherencies on top and phase
spectra (+3.14 to — 3.14 radians) at top. Vertical dotted lines = periods with significant cross-correlation; horizontal gray bars mark in-phase or
90° (+m, — m) off-phase cross-correlation ranges; horizontal dotted line=95% (one-sided) confidence levels for 6 DOF (for details, see text).



118

trended), and with the LIP volcanic events (Table 1).
The relative changes of CN diversity (ACN/Myr),
however, are negatively correlated with the size and
probability of impact events, suggesting that impact
events>5 km are a common cause for extinction of
calcareous nannoplankton, with recovery times last-
ing more than 1 Myr.

Cross-spectral analysis (Figs. 8 and 9) recognized
a variety of periods (cycle lengths) in which the CN

A. Prokoph et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 207 (2004) 105-125

and PF diversity records are significantly correlated
(i.e., high squared coherencies) with the geological
records. Here, we focus on the periods that were
shown to be persistent (see Figs. 3 and 4) and
significant in each record (Figs. 5 and 6). Further-
more, the significant, and in-phase (0 radians) cross-
correlation of the CN diversity records with sea level
and LIP events (Fig. 8a, c) verifies the linear corre-
lation analysis for the overall trend summarized
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Fig. 9. Cross-spectral analysis of evolutionary records of ploanktonic foraminifera (PF) with geological records, (a—d) PF diversity with records
over the last 122 Ma: (e—f) change of CN diversity (in %) with geological records over last 120 Ma. Squared coherencies on top and phase
spectra (+3.14 to — 3.14 radians) at the top. Vertical dotted lines: periods with significant cross-correlation; horizontal gray bars mark in-phase
or90° (+m, — 7) off-phase cross-correlation ranges; horizontal dotted line=95% (one-sided) confidence levels for 6 DOF (for details, see text).
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above (Table 1). When Eq. (4) is applied to the
spectral values of calcareous nannoplankton diversity
and of sea level (Figs. 3 and 4), a second-order cycle
of CN diversity with an amplitude of ~ 51 species
over the last 220 Myr and peak at ~ 92 Myr ago
corresponds to a similar sea-level cycle with an
amplitude of 90 m (ASL). Consequently, an ~ 1.8
m global sea-level fall corresponds, on average, to a
diversity decrease of one CN species.

The ~ 30 Myr cyclicity (22—36 Myr band) is
significantly inversely cross-correlated between the
CN records and the impact-cratering records (Fig.
8d,h), with a —2.96 radians (— 14 Myr) phase shift
for impact crater (>20 km) age probability and crater
size (Fig. 8, top of h). The CN diversity and ACN/Myr
are similarly inversely cross-correlated with the LIP
records in the 26—33 Myr band (Fig. 8a,e), but are
—2.5, —3.1,and +2.8 and +2.9 radians (i.e., 10 to
12 Myr) phase shifted. Changes in sea level and in
isotope records are not significantly cross-correlated
with the CN records at the 22- to 36-Myr wavelengths
(Fig. 8b,c,f,g). The 15.3 £ 0.5 Myr cycle band of the
ACN/Myr record is significantly inversely cross-cor-
related with the impact cratering records, sea level,

and the LIP event records (Fig. 8a,c,d,e,g,h), but not
with the isotope records.

For wavelengths and trends >61 Myr long, the PF
diversity is also significantly but +2.9 radians out-off
phase (i.e., negatively) cross-correlated with relative
sea level (Fig. 9¢). For the ~ 30-Myr (22—36 Myr)
cycle band, there is no significant cross-correlation
between the PF records and the geological records,
except for a significant positive correlation of the
APF/Myr record with the Asea level record (i.e.,
decreasing relative PF diversity is correlated with
decreasing relative sea level). For the 12—17 Myr
cycle band, there is only a 1.67 radians ( ~ 4 Myr)
out-of-phase cross-correlation between APF/Myr and
impact energy. The PF records of the ~ 9 Myr
waveband are significantly negatively cross-correlated
with the oceanic LIP probability and the impact
cratering record (Fig. 9a,h).

In summary, (1) A ~ 29-Myr (22—-36 Myr) cycle
band dominates in all of the records of planktonic
diversity and of geological change; (2) a ~ 15 Myr
cycle is significant in the CN diversity records; and
(3) a ~ 9 Myr cycle is significant in the PF diversity
records (Table 2). For example, the amplitude of

Table 2

Planktic evolutionary cycle amplitudes and phase shifts to geological records

Cycle length 25.5-32.9 Myr 15.3 Myr 9.2 Myr

Bandwidth +23 +0.51 +0.35

uncertainty Amplitudes Phase shift Amplitudes Phase shift Amplitudes Phase shift
(average) with CN (average) with CN (average) with PF

CN diversity 9.5 species X 4.8 species X 1 species —4.5 Myr

ACN 6.2% N/A 3.20% N/A 1.80% 3.7 Myr

ACN binary 0.28 N/A 0.68 N/A 0.26 N/A

Sea level 124 m — 0.6 Myr 7.3 m* —4.9 Myr* 3.3 m* 3.1 Myr*

Impact energy 2.6 x10° —19 Myr 24%10° — 6.4 Myr 2.1x10° —2.1 Myr
Mt TNT Mt TNT Mt TNT

Impact crater>20 km 0.056%* — 14 Myr* 0.054* — 6.8 Myr* 0.01 4.2 Myr

0] 0.32 %o —3.7 Myr 0.26 %o — 7.4 Myr 0.2 %o —3.4 Myr

Ocean temperature 1.7 °C 12.4 Myr 1.1 °C 7 Myr 0.7 °C 0.45 Myr

0Cean 0.31 %o 12.6 Myr 0.046 %o 3 Myr 0.15 %o 2.9 Myr

87S1/36Sr 0.00008 —0.7 Myr 0.000016 —7 Myr 0.00001 —0.7 Myr

LIP prob., oceanic 0.05 — 6 Myr 0.03 4.7 Myr 0.005* 4 Myr*

LIP prob., all 0.04* — 10 Myr* 0.059%* 7.5 Myr* 0.035 —2.6 Myr

LIP volume, all 404 km® — 11 Myr 641 km>* 7.5 Myr* 433 km® —4 Myr

LIP volume, oceanic 451 km** — 10 Myr* 342 km® 6.8 Myr 133 km® 4 Myr

PF diversity 7.6 species —2.39 2.1 species 0 Myr 3 species X

APF 2.8 % N/A 2.50% N/A 5.10% N/A

APF binary 0.25 N/A 0.4 N/A 0.43 N/A

* Statistically significant at >95% confidence level.
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the ~ 29 Myr cycle of calcareous nannoplankton
diversity is on average 9.5 species (range: 4—14
species, see Fig. 3), corresponding to amplitudes of
7.6 planktonic foraminifera species, 12.4 m sea level
change, or 1.7 °C ocean surface temperature (Table
2). However, the ~ 29, ~ 15, and ~ 9 Myr cyclic-
ities are not necessarily cross-correlated between the
planktonic diversity and geological records (Table 2)
as shown by the cross-spectral analysis.

Based on the statistical results, we were able to
construct best fit stationary-periodic models for the

. Paleoocean temperature (smoothed)
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diversity records of PF and CN (with f=time in
Myr):

CN diversity=9.5 sin(2n(t — 7.5 Myr)/29 Myr)+
4.8 sin(2n(t — 4 Myr)/15.3 Myr),

PF diversity=7.6 sin(2n(t— 12 Myr)/26 Myr)+
3 sin(2nt/9.2 Myr).

These models are able to describe major patterns in the
diversity history of calcareous plankton, such as: (1) the
sawtooth-shaped ~ 29 Myr cycle in the diversity of
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Fig. 10. Periodic cyclic model of the long-term response of the diversity of calcareous nannoplankton (CN) and planktonic foraminifera (PF) to
forcing by periodic geological and environmental changes. Ocean paleotemperatures calculated according to Sellwood et al. (1994) from
oxygen-isotope data (Fig. 2), with corrections of — 1 %o for the pre-Oligocene record according to Shackleton and Kennett (1975). Mass
extinctions after Raup and Sepkoski (1986). Tertiary climatic record after Pearson and Palmer (2000): 1: Late Paleocene thermal maximum
~ 55 Ma; 2: Early Eocene climate optimum ~ 54 to 50 Ma; 3; Early mid-Eocene cooling ~ 50 to 45.5 Ma; 4: major ice growth on Antarctica
~ 33 Ma; 5: Early Miocene glaciation ~ 22 Ma; 6: mid-Miocene climate optimum ~ 17 Ma; 7: expansion of East Antarctic ice sheet ~16 to
14 Ma, 8: Northern Hemisphere glaciation ~ 4 to 2 Ma (vertical dashed lines for graphic correlation assistance).
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Table 3

~ 15-Myr intervals of planktic evolutionary change and geological events

Model Impact cratering LIP PF change/Myr CN change/3 Myr
Age (Ma) Age (Ma) Size (km)  Crater name Age (Ma) Size V. Name Age Ma) % Age (Ma) %
(km®)
5 <5 52 Kara—Kul 3/4 -7 3.5/6.5 - 19
20 23+1 24 Haughton 17+1 175 Columbia 20/21 -6 18.5/21.5 0
35 35.54+0.3/  90/100 Chesapeake 301 1200 Afar 35/36 —16 33.5/36.5 —15
357+£0.2 Bay/Popigai
50 50.50 £0.76 45 Montagnais 48 +10/ 100/ Metchosin/ 50/51 19 48.5/51.5 —12
56+ 1 7900 NAVP
65 6498 +£0.05 170 Chicxulub 655+ 1 8600 Deccan 64/65 —85 63.5/69.5 -69
80 80/81 0 78.5/81.5 -1
95 95+7 25 Steen River 95+ 10 2000 Alpha 93/94 —13 93.5/96.5 —4
110 115+ 10 39 Carswell 111 +10 900 Nauru 110/111 —10 108.5/111.5 1
125 128+5 55 Tookoonooka 122+ 3 38400 Ontong 124/125 0 123.5/126.5 —16
140 142.0+2.6 40 Mjolnir 138+ 1 23000  Parana— 141.5/144.5 -5
Etendeka
155 155+ 10 300 Argo 153.5/156.5 -2
170 167+3 80 Puchezh— 168.5/171.5 21
Katunki
185 184 + 1 10000  Karoo— 183.5/186.5  —28
Ferrar
200 200 + 1 2000 CAMP 198.5/201.5 44
215 214+ 1 100 Manicouagan 214+ 14 450 Angayucham 213.5/216.5 25

Bold=30-Myr interval.

calcareous nannoplankton, with gradual increase and
abrupt fall of diversity; (2) The plateau-shaped ~ 26
Myr cycles in the planktonic foraminifera record, with
abrupt diversity increases and decreases; and (3) The
modulation of the shape of the 26—29 Myr cycle by the
~ 15.3- and 9.2-Myr periodic components (Fig. 10).
The periodic evolutionary models proposed do not fit
the early records of diversity (e.g., the first ~ 70 Myr
of calcareous nannoplankton and the first ~ 50 Myr of
planktonic foraminifera evolution), perhaps because
early species were less affected by periodic environ-
mental changes, or as a result of the relatively poor
early diversity record.

The planktonic diversity records and best-fit mod-
els correlate less well with the record of sea-level
change and ocean paleotemperatures. For impact
cratering, 11 of the 14 largest impact craters (and all
of the five largest) fit a 15-Myr periodic model (Table
3). In particular, the ~ 30 Myr spaced impact struc-
tures (e.g., Kara, Chesapeake Bay/Popigai, Chicxulub,
Steen River and Tookoonooka) correspond well ( + 3
Myr age uncertainty range) with major plankton
extinction intervals (Table 3). Twelve out of fifteen
~ 15 Myr spaced extinction intervals also correspond

to LIP volcanic events. The large-volume LIP events
(>10° km®) tend to correlate with major planktonic
extinction intervals, particularly those involving cal-
careous nannoplankton (Table 3), supporting the
results of our time-series analysis (Fig. 8e, Table 2).

4. Discussion of results

Our results suggest that the diversity of planktonic
foraminifera (PF) and calcareous nannoplankton (CN)
over the past 230 Myr have followed a pattern
involving ~ 28 to 32 Myr cycles. The diversity records
of the two planktonic groups are phase-shifted (by ~ 2
to 3 Myr) (e.g., see Fig. 2). The dominant ~ 30 Myr
cycle is modulated by ~ 15 and ~ 9 Myr cycles,
which affect the shapes of the ~ 30 Myr peaks. LIP
events and impact cratering in the ~ 30 and ~ 15 Myr
cycle bands are well correlated with the planktonic
evolutionary records. In both the PF and CN records,
the amplitude of the proposed ~ 15 Myr (12—17 Myr)
cycle is only about half of that of the ~ 30 Myr cycle,
but extinction events with this ~ 15 Myr spacing fit
well with the spacing of several large LIPs and impact
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events. Previous studies (e.g., Prokoph et al., 2001)
have shown that even after the removal of the extreme
diversity decreases at 65 and ~ 34 Myr ago, the ~ 30
Myrand ~ 15 Myr periodicities are well represented in
the planktonic foraminifera record. It is noteworthy that
the times of low PF and CN diversity predicted by the
periodic models agree with the times of significant
marine mass extinction events identified by Raup and
Sepkoski (1986).

The correlation analyses indicate that diversity of
calcareous nannoplankton decreased at times of ocean-
temperature cooling and sea-level fall. This can be seen
clearly in the case of the major Cenozoic climate
episodes (Pearson and Palmer, 2000; Zachos et al.,
2001) (Fig. 10). It would be possible that the oxygen
and carbon isotope records exhibit random linear
correlations with the plankton records, because of
interpolations and mix of data from different environ-
ments in the isotope records. However, the correlation
found here is significant only between 4'*0 and the
detrended CN record (Table 1) andat ~ 33 and ~ 9.2
Myr periodicities (Fig. 8c). By contrast, the diversity of
planktonic foraminifera was reduced during LIP erup-
tions (Tables 1 and 3; Fig. 10). The PF diversity
decreased or was subject to significant turnovers during
mid-Cretaceous anoxic events, which may be closely
linked to LIP eruptions (Leckie et al., 2002).

Our results also suggest that the largest asteroid
and comet impacts have significantly affected the
diversity of calcareous marine plankton since the
Late Triassic. For example, the diversity of both
planktonic foraminifera and calcareous nannoplank-
ton underwent drastic reductions at the K/T bound-
ary event (see Fig. 1). The recovery of diversity
seems to have been independent of sea-level fluctua-
tions, in a partly self-organized process (e.g., Pro-
koph et al., 2000), until the late Paleocene ( ~ 55
Myr ago). By that time, PF diversity recovered to
~ 80% of pre-K/T boundary values, and ~ 1 Myr
later CN diversity climbed to a level of ~ 50% of
pre-K/T boundary diversity (Fig. 1), which apparent-
ly saturated the available niche space. The generally
cooler climate and lower sea levels during the
earliest Tertiary reduced the area of warm surface
waters as compared with the Late Mesozoic (Fig. 2),
and probably contributed to the incomplete recovery
of CN diversity after the K/T extinction event. A
somewhat similar scenario marked the Late Eocene

to Early Oligocene ( ~ 35 to 31 Myr ago), with a
recovery interval for CN that lasted ~ 7 Myr (see
Figs. 1 and 10).

We have found a consistent, although a rather
weak, relationship between the cyclicity (in particular
the ~ 30 Myr periodicity) in long-term plankton
evolution and in the marine-isotope records. One
reason for the weak correlation could be that marine
isotopic composition usually recovers from major
events in less than ~ 500 kyr, as shown for the
Cretaceous/Tertiary boundary (Caldeira and Ram-
pino, 1993), the Permian/Triassic boundary (e.g.,
Rampino et al., 2000; Berner, 2002) and Early
Aptian events (e.g., Leckie et al., 2002), whereas
recovery of planktonic diversity requires a signifi-
cantly longer time. In addition, the marine isotope
database (Veizer et al., 1999) is still relatively sparse
for the Late Cretaceous ( ~ 90 to 76 Ma), and made
problematic in general by its non-homogeneity, uti-
lizing mainly benthic organisms in the Cenozoic,
mainly planktonic fossils in the Late Cretaceous,
and mainly nektonic fossils from the Late Triassic
to Early Cretaceous. In particular, the mixing of
‘cooler’ benthic foraminifera data with ‘warmer’ PF
data for the last ~ 65 Myr (Veizer et al., 1999) is
probably responsible for the weakening of the high-
frequency fluctuations that have been evident in
purely benthic records (e.g., Shackleton and Imbrie,
1990). Eventually, a higher-resolution (e.g., <500
kyr) and paleobiologically more consistent database
might uncover significant long-term relationships. At
present, such a resolution and consistency is only
possible on a regional scale or over relatively short
time intervals (e.g., Zachos et al., 2001).

5. Interpretations and conclusions

The results of our statistical analyses suggest that
there exists a basic rhythm of about 30 Myr that seems
to permeate Earth history in geologic time series
ranging from global sea level and climate to large-
scale volcanism and large-body impacts (Fig. 10).
This cycle and its modulation by weaker 15- and 9-
Myr components, is also recorded in the diversity of
calcareous plankton, suggesting that the diversity
variations are forced by periodic or quasi-periodic
geologic phenomena.
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A number of previous studies have detected
similar periods in various time series related to biotic
diversity (e.g., Raup and Sepkoski, 1986), and geo-
logic events (e.g., Rampino and Stothers, 1984a,b;
Rampino and Caldeira, 1993; Liritzis, 1993;
Stothers, 1993a,b; Negi et al., 1990, 1996).

The origin of the periodic components detected
could lie either within the Earth or outside of it, or
may represent a combination of terrestrial and extra-
terrestrial causation. Several possible mechanisms
have been suggested.

5.1. Mantle plume activity

Loper et al. (1988), for example, suggested that
mantle plume activity might occur with an ~ 22
Myr periodicity considering the thermal relaxation
time related to an upper D> layer thickness
of about 11 km and a thermal diffusivity of about
1.7 m%/s. Varying these parameters somewhat could
provide periodicities in the range of ~ 15 to
30 Myr for mantle plume generation, and
corresponding LIP events and pulses of ocean-floor
spreading.

Oceanic LIP events and coincidental intense mid-
ocean rifting may have influenced ocean oxygenation
and stratification, at least during the mid-Cretaceous
(Kerr, 1998). The abrupt ocean-temperature increases,
and possible intensified nutrient upwelling and in-
creased marine productivity that are proposed to
accompany oceanic LIP eruptions may have caused
O, depletion in the deeper ocean (Vogt, 1989) leading
to PF extinction (e.g. Hart, 1990).

Another possibility is that LIP eruptions lead to
large releases of SO, and dust that form aerosol
clouds. This could cool the climate, reduce photosyn-
thetic activity and produce acid rain (e.g., Rampino
and Self, 1992). However, the correlations between
LIP events and PF extinction (Table 3) are still
questionable due to uncertainties of some LIP initia-
tion ages (e.g., Ontong—Java oceanic LIP).

5.2. Large-body impacts

Several extraterrestrial mechanisms for generat-
ing an ~ 30-Myr cycle of large impacts have been
proposed (e.g., Smolukowski et al., 1986). For
example, ~ 32+ 3 Myr periodicity of comet bom-

bardment may result from disturbances of the Oort
cloud comets during our solar system’s crossing of
the galactic plane (e.g., Rampino and Stothers,
1984a; Matese et al., 1995,1998; Rampino et al.,
1997; Rampino, 2002). Napier (1998) proposed a
related galactic mechanism for generating an addi-
tional ~ 15 Myr cycle of impact cratering on
Earth. We note that the phase of the periodic
models of PF and CN diversity (Fig. 10) matches
that of the galactic plane-crossing cycle. It is also
of interest that the longer 160- to 170-Myr period
detected in the diversity of calcareous nannoplank-
ton, and in the records of global sea level and LIP
episodes is close to the longer epicycle time related
to the revolution of the solar system around the
Galaxy (estimated at ~ 160 to 180 Myr) (Bailey et
al., 1990; Matese et al., 1995).

The diversity records utilized here provide a lim-
ited, but robust view of the evolutionary pattern of
calcareous plankton. Records of extinction, specia-
tion, and rates of diversification and biotic turnover of
these groups could provide additional information on
evolutionary history. However, these records are by
their very nature composed of discrete events, and
their time-series analyses are therefore very sensitive
to age uncertainties.

Although statistical analysis cannot determine the
causes of the periodic components detected in this
study, cyclical mantle processes and related mag-
matic activity, and periodic impact events seem to
be major causes of environmental fluctuations that
influenced the long-term evolution of life. More
complete and accurate records of diversity, paleo-
environmental changes and geological events should
provide further insights into the time structure of
the geologic record and the potential links between
astronomical, geological and biological evolutionary
processes in Earth history.
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